In order to reveal the mechanism and influencing factors of high pressure jet cavitation of nozzle in submerged environment, this study focused on the evolutionary process of cavitation bubbles and combined finite volume method and mixed multi-phase flow model to analyze the cavitation, velocity distribution and experimental cavitation intensity of fishing net cleaning equipment. Results show that the cavitation inception, growth and collapse mainly occurred in the peripheral region of the flow field. Ring-shaped cavitation erosion zone appeared on the test sample target. A lot of small dense erosion pits were densely distributed in the ring-shaped erosion zone, erosion marks were observed in the center. The cavitation erosion intensity was greatly affected by the nozzle structure. As the diameter of nozzle increased from 0.6 mm to 1 mm, the maximum gas volume fraction increased by 8.53%. The nozzle outlet enlargement angle greatly increased the cavitation intensity. The nozzle with an outlet angle of 30° exhibited the optimal cavitation erosion performance . The cavitation volume fraction of the nozzle with short necking structure was slightly larger than that of the nozzle with long necking structure at the same level in the necking length rang of 3mm to 7mm. In terms of the influence of nozzle structure on the cavitation erosion effect, the nozzle diameter D ranked the first, followed by the outlet angle α, and the necking length L was at the last.
through the abrupt-change cross-section along the pipeline, a low-pressure region is formed near the wall and fluid is fractured to form a cavitation nucleus. Next, the cavitation nuclei grow, accumulate and collapse in the fluid. High speed, high pressure and high temperature are produced in collapse, which can generate noise and materials damage so as to achieve the cleaning of the attachments on the net [5] [6] [7] . Currently, scholars from all over the world mainly laid the research emphasis on the characteristics of the flow field in the nozzle. Liang et al. employed fluid dynamics software to analyze the effects of the nozzle type (cosine nozzle, exponential-tube nozzle, cylindrical nozzle and conical nozzle) as well as the length of the conical nozzle L and the wall surface roughness Ks on jet flow velocity and the distribution of cavitation volume fraction [8] . According to their results, cosine nozzles exhibited higher jet impact force and the wall roughness affected these four types of nozzles to varying degrees. Zhou et al. established ASTM jet cavitation test platform and investigated the jet form in the cavitation region of the erosion region by comparing experimental results with numerical simulation results [9] . Ring-shaped cavitation erosion region was observed on the sample surface, which also expanded towards the sample center and finally induced serious shedding of materials. Using image acquisition and processing system, Ezddin et al. examined the effects of various factors such as jet flow pressure, the nozzle's structural parameters and shape as well as the growth cycle of the cavitation cloud on dynamics of the cloud [10] . They found that the geometrical structure of the cloud developed in oscillatory pattern after accumulation, growth and shrinkage, which was related to the fluctuation of the inlet pressure as well as the interaction between jet flow and the surrounding environment. Moreover, the characteristic oscillation frequency of the cavitating jet was determined.
Based on the bubble motion model, Kewen et al. simulated the motion of bubbles in the jet flow when passing through the nozzle, and analyzed the effects of the confining pressure and the upstream flow rate on bubble transportation efficiency [11] . According to their research results on the bubble's dynamic motion process, they concluded that upstream pressure was a main influence factor of cavitation intensity. The increase of flow velocity directly promoted the enhancement of cavitation intensity; meanwhile, fluid viscosity and surface tension imposed slight effects on the nozzle's cavitation intensity. Peng et al. calculated two-phase mixed mean flow based on unsteady Reynolds mean flow Navier equation, and estimated gas-phase volume fraction of the cavitating simulation of nozzle internal flow was carried out with fluent 18.0, it was found that cavitation was mainly induced by the throttling effect at the crevice between the needle and needle seat and the redirection of flow at the nozzle inlet [16] .
In order to reveal the cavitation formation mechanism in the nozzle of the net cleaning equipment under submerged environment and the dominant factor of the structure on cavitation degree, this study started from cavitation evolution mechanism and selected k-kl-w turbulence/transition model and cavitation model for simulating the flow characteristics of the nozzle. By designing the nozzle cavitation test under submerged environment, the effects of the nozzle structure on the cavitation degree were investigated in depth.
Bubble evolution and cavitation mechanism
In actual engineering test and application, cavitation fracture always occurs at the fluid weak point. There exist two types of weak spots in the fluid. The first type is the transient micro gaps induced by thermal motion of molecules in the liquid, which then forms the cavitation nuclei necessary for the growth and fracture of macro cavitation bubbles. The other type of weak spots exist at the boundary between liquid and solid wall or the boundary between liquid and small suspended particles [17] . The existence of these weak spots provides prerequisite condition for the initiation of cavitation nuclei. The formation of low-pressure region is the necessary condition for the inception and growth of cavitation. As shown in Figure 1 , high-pressure flow forms high-pressure jet at the nozzle's neck, and then, high-velocity jet is subjected to shear action by the static water on the nozzle's solid wall, thereby forming local low-pressure region at the interface between fluid and wall around the neck corner. When the pressure in the low-pressure region is lower than the saturated gas pressure Pv, the fluid is fractured, which triggers the formation of cavitation nuclei. The fracture generally occurs at the fluid weak spot. Meanwhile, high-pressure jet that enters into water environment can sweep the surrounding water and promote the formation of vorticity-concentrating region, and the pressure at the center of the vortex ring is far lower than the pressure in the other regions. Cavitation inception also appears in this type of vortexes. Any flowing fluid has certain cavitation number  [18] .  can be expressed in Equation (1):
where P∞ and U∞ denote P upstream pressure and velocity of the incoming flow, with unit of Pa and m/s; Pv(T∞) denotes the vapor pressure of the liquid at the reference temperature T∞, with a Assuming an infinitely homogeneous liquid region, the motion characteristics of a single bubble after cavitation inception are investigated. Based on the law of mass conservation, Raleigh derived the dynamic equation of cavitation bubbles without the consideration of fluid surface tension and viscosity item [19, 20] . Rayleigh-Plesse equation can be written in Equation (2) :
where PB(t) denotes the pressure in the cavitation bubble, L  denotes the fluid density, R denotes the radius of the cavitation bubble and S denotes the stress tensor.
When a cavitation bubble grows from a cavitation nucleus to several times of initial size, the bubble will be fractured at the maximum radius RM (where RM is approximately 100 times greater than the size of incipient cavitation nucleus). At the fracture moment, the nucleus is no longer spherical, and large-scale shock wave and micro-jet are produced at the fracture point in local fluid.
When the fracture occurs on the surface of the underwater net, intensive disturbance can generate fairly high local transient surface stress. Under the repetitive pressure produced during the fracture of a great number of cavitation bubbles, the attachments on the net surface are crushed and fall off.
Accordingly, the net can be cleaned based on cavitation mechanism [21] [22] [23] . The velocity, pressure and temperature at the moment of cavitation bubble fracture can be calculated in Equation(3-5):
where k is an approximation constant, R denotes the growth velocity of the cavitation bubble radius, * P ∞ denotes the constant value of the inflow pressure function () Pt  at t＞0, 0 G P denotes the partial pressure of air in the bubble, S denotes the fluid's surface tension and Ro denotes the initial radius of the cavitation nucleus. High-velocity flow, high temperature and high pressure during the fracture of the cavitation can induce noise and cause damages to materials. Accordingly, the underwater net cleaning equipment can use the impact force produced in constant fracture of bubbles so as to realize the cleaning of net at certain input pressure under different water pressures.
Mesh generation of the computational domain

Geometrical structure of the nozzle
In this study, the design parameters of the net cleaning equipment mainly include the pore diameter d, the necking length l, and the outlet angle α. Figure 2 displays the nozzle structure. The nozzle center was made up of special ceramic core that was bonded with the 316 L stainless steel body by the industrial super core. The nozzle support was connected with the screw thread of the nozzle. In the present study, the net cleaning power was set as 18 kW, the nominal flow was set as 50 L/min and the maximum along-the-way pressure was set as 18 MPa. Based on the parameters Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 December 2019 doi:10.20944/preprints201912.0317.v1
settings of the cleaner, the pore diameter d was set as 0.6~1.2 mm, the inlet pressure was set as 6~15 MPa, the test flow was set as 22 L/min, thenecking length l was set as 3~7 mm and the outlet angle α was set as 0~60°. The net-cleaning equipment had two discs and each disc included 4 nozzles. In order to reduce the computational error, the number of the generated meshes should be determined. No relation between the time length and the calculated results should also be confirmed. As regard to the computational domain as shown in Figure 3 , three points along the axial direction (specifically, A (12, 0), B (20, 0) and C (30, 0)) were selected as the monitoring points, and four different types of mesh generation were designed, as listed in Table 1 . Among these schemes, when the mesh number varied from 2.5  10 4 to 2.0  10 5 , the computational model and the boundary conditions were same. points along the axial direction was smaller than 1.8%, in which the calculated velocity using Scheme 4 was used as the reference. By taking both computational period and precision into overall consideration, Scheme 2 was adopted in further analysis. For the determined mesh generation scheme, in order to ensure sufficient iteration number in the computational domain and the reliability of the calculated results, the convergence standard of the monitoring parameter was set as 10 -6 , and the number of iterations was set as different value in each time step so that the parameter should be iterated for many times until reaching the convergence. The number of iterations was set as 500, 1,500, 2,500, 3,000 and 5,000, respectively. 'Coupled Solver'. The discretization pattern was set as 'QUICK' and the pressure difference pattern was set as 'PRESTO' [24, 25] . Figure 6 displays the simulated velocity distribution images.
Notes: aspect ratio n=d / l, l is the length of nozzle necking channel Accordingly, it can be predicted that annular cavitation erosion region appeared around the high-pressure jet. Under same inlet pressure, increasing the nozzle diameter was beneficial to enhancing the cavitation erosion intensity. Table. 2 displays the distributions of the flow velocity of the backflow region at the outlet along y-axis direction when using the nozzles with α=30°~60°, respectively. As described above, the backflow region was outside the neck radius. Using the nozzle with an outlet angle of 30°, flow velocity was 43.5% higher than the value using the nozzle with an outlet angle of 50°, suggesting a larger vorticity in the backflow region. Using these two nozzles, the pressure distribution at the vortex center followed identical rules. It can thus be predicted that, under same boundary condition, the cavitation degree of the nozzle with an outlet angle of 30° was far greater than that of the nozzle with an outlet angle of 60°. In other words, the nozzle with an outlet nozzle of 30° exhibited more favorable cleaning effect and cavitation erosion performance. Figure 9 displays the distributions of the cavitation gas phase volume fractions at two cross-sections in the computational domain using three different types of nozzles. During the simulation, d=0.8 mm, α=0°, l=3~7 mm, while the necking length was set as different values (3 mm, 5 mm and 7 mm). It can be observed that gas phase volume fraction in a same computational domain exhibited similar distribution patterns when using these three nozzles. At 1 mm away from the nozzle neck, the gas-phase volume fraction dropped steadily along the cross-section. At 1 mm away from the nozzle outlet, the gas volume fractions reached the maxima when these nozzles deviated from the rotating axis. This is consistent with the formation mechanism of cavitation. Using the nozzle with a necking length of 3 mm, the gas-phase volume fraction reached a maximum of 0.375 at 1 mm away from the nozzle neck, which was 0.031 at 1 m away from the nozzle outlet. The gas-phase volume fractions when using the nozzle with a necking length of 3 mm exceeded the condition when using the other types of nozzles. Accordingly, it can be concluded that the increase of the nozzle's necking length can weaken the cavitation intensity at the corresponding position away from the nozzle neck. Similarly, as shown in Fig. 9(b) , the nozzle with a smaller necking length exhibited greater cavitation volume fraction distribution in the external flow field when the inner hole diameter remained unchanged. At 1 mm from the nozzle neck, the range of cavitation volume fraction was 0.05624; at 1 mm away from the nozzle outlet, the range of the cavitation volume fraction was 0.00852. Overall, using these three nozzles, the cavitation volume fraction exhibited slight change, suggesting that the necking length at the nozzle neck imposed quite limited effect on the cavitation degree. 
Effect of the necking length of the nozzle α on the jet distribution
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Test equipment and method
The detailed test method was detailedly described in Refs. [26] [27] [28] [29] , as the test system displayed in Fig. 10 . It can be observed that the test equipment is mainly composed of the high-pressure pump of a gasoline engine, a regulating pump, a pressure gauge, valves, water tanks, nozzles and clamps, the flowmeter, and the sample target. The pressure of the high-pressure pump was set as 12 MPa.
The sample target, with a size of 20 mm  20 mm  3 mm, was manufactured by QGIII plasma cutter.
The sample surface was first polished by metallographic abrasive papers, then cleaned by ethyl alcohol and dried During the test, the nozzle and clamps were located at 10 cm below water.
Figure 10. Diagram of experimental equipment
In order to gain more in-depth knowledge of the cavitation erosion characteristics of the nozzle, validate the simulation results and determine the engineering parameters of the nozzle, a 3  3 orthogonal test was designed, in which the pore diameter D, the outlet angle α and the necking length l were selected as the factors. Table 3 lists the levels of various factors. The reference values were set by taking into account both the technological processing feasibility and the commonly-used values. Fig. 4 displays the orthogonal test results. Figure 11 displays the cavitation erosion results. On account of limited space, only the test results of some representative samples are shown in Figure 11 . Overall, the change of the nozzle parameters imposed significant effects on the sample's capitation effect. Under submerged environment, the cavitation erosion almost exhibited annular distribution patterns. The erosion pits were densely distributed in the annular erosion region and obvious erosion marks appeared at the dead centre. This is consistent with numerical simulation results, suggesting that water jet impact force was extremely reduced under submerged environment. The sample was mainly subjected to high-temperature and high-pressure action induced by the collapse of cavitation bubbles.
Analysis of test results
As shown in Figure 11 cavitation nuclei and the growth of bubbles than the nozzle with an outlet of 60°, i.e., the outlet angle of 30° is more applicable to underwater net cleaning equipment. The mass loss of the cavitation was also measured by an electronic balance with a range of 10 g and a precision of 1 mg. Notes: Ki(i=1~3)is the sum of the accumulated mass loss at level i of these factors, ki=Ki/3.
Conclusions
By combining numerical simulation and test, this study analyze the effects of the structure of the nozzle in the net cleaning equipment under submerged environment on the inception, growth and collapse characteristics of the cavitation, and clarified the correlation between the cavitation erosion form and the nozzle's structural parameters. Main conclusions are described below.
(1) Under submerged environment, the nozzle pressure dropped rapidly to the confining pressure when flowing through the neck so as to form jet v. On account of intensive shear action between high-velocity jet and the nozzle neck's wall, local low-pressure region was formed at the neck corner, in which the pressure was far below than those in other regions. Accordingly, the fluid was locally fractured and cavitation inception occurred. The maximum gas-phase volume fraction reached up to 37.5%. The cavitation nuclei were strengthened in the backflow region around the nozzle outlet and the vortex ring that was formed under the shear action of the jet in the peripheral region. Since cavitation phenomenon mainly occurred in the peripheral region of the jet, the sample generally exhibited annular cavitation effect, and obvious erosion marks appeared at the dead center.
(2) Under same inlet pressure, as the nozzle pore diameter increased from 0.6 mm to 1 mm, the maximum gas-phase volume fraction was enhanced by 8.53%, and both inner and outer diameters of the cavitation erosion rings increased, accompanied with the increase of the cavitation area by 20.83%. It can thus be concluded that the increase of the nozzle pore diameter was beneficial to the enhancement of erosion intensity and area under same boundary conditions. The outlet angle structure of the nozzle promoted the formation of jet backflow region and further strengthened cavitation effect. The increasing necking length in the nozzle steadily weakened cavitation effect.
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(3) As the outlet angle of the nozzle varied within a range of 0°~60°, the induced maximum accumulated mass loss was approximately 101 m, which was much greater than the maximum accumulated mass losses under these other conditions (D=0.6~1 mm and l= 3~7 mm). Among these three factors (the diameter of the nozzle D, the outlet angle α and the necking length l), α imposed the most significant effect, followed by D, and finally by l.
